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ABSTRACT
Ultra-faint dwarf galaxies are newcomers among galaxies, and are the faintest galaxies in the ob-
served universe. To date, they have only been found around the Milky Way Galaxy and M31 in
the Local Group. We present the discovery of an UFD in the intracluster field in the core of the
Virgo cluster (Virgo UFD1), which is far from any massive galaxies. The color-magnitude diagram
of the resolved stars in this galaxy shows a narrow red giant branch, similar to those of metal-poor
globular clusters in the Milky Way. We estimate its distance by comparing the red giant branch with
isochrones, and we obtain a value 16.4± 0.4 Mpc. This shows that it is indeed a member of the Virgo
cluster. From the color of the red giants we estimate its mean metallicity to be very low, [Fe/H]
= −2.4± 0.4. Its absolute V -band magnitude and effective radius are derived to be MV = −6.5± 0.2
and reff = 81± 7 pc, much fainter and smaller than the classical dwarf spheroidal galaxies. Its central
surface brightness is estimated to be as low as µV,0 = 26.37 ± 0.05 mag arcsec−2. Its properties are
similar to those of the Local Group analogs. No evidence of tidal features are found in this galaxy.
Considering its narrow red giant branch with no asymptotic giant branch stars, low metallicity, and
location, it may be a fossil remnant of the first galaxies.
Subject headings: galaxies: dwarf — galaxies: clusters: individual (Virgo UFD1) — galaxies: stellar
content — galaxies: abundances
1. INTRODUCTION
Ultra-faint dwarf galaxies (UFDs) are the faintest
among the known galaxies in the observed universe.
They are much fainter (MV & −8) and smaller (reff .
300 pc) than classical dwarf spheroidal galaxies (dSphs;
see the reviews by McConnachie (2012); Sand et al.
(2012); Belokurov (2013), and references therein). Al-
though UFDs have very low stellar mass (M∗ < 10
6M⊙),
they have dynamical masses comparable to those of
dSphs. Thus they have exceedingly large values for mass
to light ratio,M/L ∼ 102 to 104 M⊙/L⊙ (Simon & Geha
2007; McConnachie 2012), showing that they belong
to the most dark matter dominated stellar systems in
the universe. Stellar populations in UFDs are old and
very metal-poor ([Fe/H] < −2) (Okamoto et al. 2012;
Sand et al. 2012; McConnachie 2012; Vincenzo et al.
2014). Deep Hubble Space Telescope (HST) photometry
shows that most stars in UFDs were formed in a single
burst before 12 Gyrs ago, which is in contrast to the star
formation history of the classical dSphs that show often
multiple bursts over an extended period (Brown et al.
2013; Weisz et al. 2014). Thus UFDs are strong can-
didates for the fossil remnants of the first galaxies
that finished forming stars before the epoch of reion-
ization in the local universe (Ricotti & Gnedin 2005;
Ricotti 2010; Bovill & Ricotti 2011a,b; Weisz et al. 2014;
Vincenzo et al. 2014). UFDs provide strong clues for un-
derstanding two well-known dwarf problems in cosmol-
ogy: missing satellite dwarf problem and satellite dwarf
quenching problem (Moore et al. 1999; Bullock et al.
2001; Kravtsov 2010; Belokurov 2013; Wheeler et al.
2014).
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To date UFDs were found only around the Milky Way
Galaxy and M31 in the Local Group (McConnachie 2012;
Sand et al. 2012; Belokurov et al. 2014). It is mainly due
to the advent of the Sloan Digital Sky Survey (SDSS)
that they were discovered in the local universe (e.g.,
(Willman et al. 2005a,b)). Wide field surveys such as
the SDSS allowed to search for these kinds of objects in
the Local Group (Belokurov et al. 2014; Laevens et al.
2014). However, it is very difficult to find UFDs beyond
the Local Group with current facilities, because of their
faintness and smallness. In this study we present the dis-
covery of a UFD in the Virgo cluster that is as distant as
16 Mpc, taking advantage of high resolution in the very
deep images in the HST archive.
2. DATA
We used deep images of an isolated intracluster field
close to the Virgo center available in the archive (Prop.
ID : 10131), as marked in Figure 1. Figure 1(a) shows
the location of this field on the very deep image of the
Virgo Core region given by Mihos et al. (2005). This
field is located far (about 180 kpc or more) from massive
galaxies such as M87, M86 and M84, where the diffuse
light from massive galaxies is barely recognized. It is in
the region with the lowest sky surface brightness in the
core of Virgo, although it is close to the center of the
Virgo cluster.
These images were obtained with the F606W and
F814W filters in the Advanced Camera for Surveys on
board the HST . These images were used in previ-
ous studies: the discovery of four intracluster glob-
ular clusters (Williams et al. 2007a), a study of the
metallicity distribution function of the intracluster stars
(Williams et al. 2007b), and the discovery of a new re-
solved dSph in Virgo (Durrell et al. 2007).
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Fig. 1.— (a) Identification of the HST field used in this study on
a deep color image of the Virgo core by Mihos et al. (2005). North
is up, and east to the left. The white cross indicates the number
density center of Virgo cluster members given by Binggeli et al.
(1987). (b) A color map of the HST field. A dwarf spheroidal
galaxy, dSph-D07, investigated by Durrell et al. (2007) is marked
by white circle, and the new Virgo UFD1 is indicated by red square.
(c) A 10′′ × 10′′ section of the HST field of Virgo UFD1. The
dashed-line circle indicates the tidal radius of Virgo UFD1. Note
that most resolved stars are red giants in the galaxy.
We constructed deeper drizzled images for each fil-
ter by combining single-exposure images, as done in
Jang & Lee (2014). The pixel scale in the drizzled im-
ages is 0.′′03 pixel−1, and the FWHM of point sources
is 2.9 ∼ 3.0 pixels. Total exposure times are 63440
s and 26880 s for the F606W and F814W images, re-
spectively. Figure 1(b) displays the color image con-
structed from the drizzled F606W and F814W images.
IRAF/DAOPHOT (Stetson 1994) was applied to the
drizzled images to derive the point-spread function fitting
photometry of the point sources. We then calibrated and
transformed them onto Johnson-Cousins V I magnitudes
following (Sirianni et al. 2005).
3. RESULT
3.1. Discovery of a New UFD
The dSph galaxy discovered in the same images and
studied by Durrell et al. (2007) (called Virgo dSph-D07
hereafter), is easily seen as a relatively large system of
resolved stars, as shown in Figure 1 of Durrell et al.
(2007) and Figure 1 in this study. Its F606W magni-
tude is V = 20.56 ± 0.05 (MV = −10.6 ± 0.2), and its
effective radius is reff = 3.
′′0 ± 0.′′5 (260 ± 43 pc), which
is derived from the Se´rsic profile fit, n = 0.59 ± 0.12
and r0 = 3.
′′34 ± 0.06 given by Durrell et al. (2007)
(Graham & Driver 2005). UFDs are, if any, expected
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Fig. 2.— I−(V −I) CMDs of the resolved stars within the tidal
radius of Virgo UFD1 (a) and the control field at 2.5×rtidal ≤ r <
4.0×rtidal that are 10 times larger than the galaxy field (b). (c) The
net CMD of the galaxy field obtained after statistical subtraction
of the field contribution. (d), (e), and (f) Same as (a), (b), and
(c), except for Virgo dSph-D07. Curved lines denote the 12 Gyr
stellar isochrones for [Fe/H] = −2.4 to 0.0 in steps of 0.2 provided
by the Dartmouth group (Dotter et al. 2008), shifted according to
(m−M)0 = 31.08 and E(V − I) = 0.031.
to be much fainter and smaller and have lower surface
brightness than this galaxy in the same images. Consid-
ering this, we visually searched for small groups of faint
point sources embedded in the faint diffuse background
with low surface brightness.
Through inspection of the entire field, we found only
one UFD candidate in the position as marked in Figure
1(b). It indeed looks much fainter and smaller than Virgo
dSph-D07 in the figure. We call this new galaxy, Virgo
UFD1 hereafter. A zoomed in image of the galaxy in
Figure 1(c) shows a small grouping of stars as well as
faint diffuse background emission in an almost circular
area with≈ 2′′ radius. One bright elongated object north
of Virgo UFD1 is considered to be a background galaxy
because no stars are resolved in the galaxy. Virgo UFD1
is the first UFD discovered beyond the Local Group.
3.2. Color–Magnitude Diagram of the Resolved Stars
Figure 2(a) shows the color-magnitude diagram
(CMD) of the resolved stars at r < tidal radius (rtidal =
3.′′0 from the center of Virgo UFD1). We also plotted
the CMD of the resolved stars in the control field at
2.5× rtidal < r < 4.0× rtidal (covering a region 10 times
larger than the galaxy region to show a larger number
of stars) for comparison in Figure 2(b). We statistically
subtracted the contribution of the field stars in the galaxy
CMD using the control field CMD, and displayed the re-
sulting CMD in Figure 2(c). We also showed the CMDs
of Virgo dSph-D07 as a reference to study the resolved
stars in Virgo UFD1. We derived the photometry of the
resolved stars in this galaxy using the same procedures
as were used for Virgo UFD1. Figures 2(d), (e), and
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Fig. 3.— Radial profiles of the V (open circles) and I-band (triangles) surface brightness (a) and integrated magnitudes (b) of Virgo
UFD1 . The bands represent the errors. Dashed lines in (a) represent a Se´rsic law fit for each band. The effective radius and tidal radius
are marked by vertical lines in (b). The radial profile of the density of detected stars shifted arbitrarily is also overlaid by filled squares in
(a).
(f) display the CMD of the Virgo dSph-D07 region, the
CMD of the control field for this galaxy (10 times larger
than the galaxy field), and the field-subtracted CMD, re-
spectively. We also overlayed isochrones for 12 Gyr age
with [Fe/H]= −2.4 to 0.0 (with a step of 0.2) in the Dart-
mouth Group (Dotter et al. 2008), shifted according to
the distance modulus, (m−M)0 = 31.08 (Williams et al.
2007b; Durrell et al. 2007) and foreground reddening
E(V − I) = 0.031 (Schlafly & Finkbeiner 2011).
Figure 2(c) shows that most of the stars in Virgo UFD1
have a narrow range of color, 1.0 < (V − I) < 1.4, and
they appear to be located along the old red giant branch
(RGB), similar to those of the metal-poor globular clus-
ters in the Milky Way Galaxy. The magnitude of the
brightest star among these stars is I ∼ 27.1. One lonely
star 1.3 mag above the brightest part of the RGB is prob-
ably a field object. There are two stars much bluer than
the RGB ((V − I) ∼ 0.4 and I ∼ 28.2). Both stars are
blended with other objects. Moreover, one of them is
located relatively far (r ≈ 1.′′8) from the center of the
galaxy. They may not belong to this galaxy. Comparing
the CMDs for Virgo UFD1 and Virgo dSph-D07 shows
that the RGB of Virgo UFD1 is in general very simi-
lar to that of Virgo dSph-D07 given that have a very low
metallicity [Fe/H] = −2.3±0.3 (Durrell et al. 2007), in-
dicating that the metallicity of Virgo UFD1 is also very
metal-poor. It is also noted that there are no asymptotic
giant branch stars in Virgo UFD1, while there are a small
number of AGB candidates above the tip of the RGB in
Virgo dSph-D07. This indicates that Virgo UFD1 is very
old (older than 10 Gyr).
3.3. Distance and Metallicity of Virgo UFD1
The number of stars in the RGB of Virgo UFD1 is
small, so it is not easy to derive a reliable distance to
this galaxy using the TRGB method (Lee et al. 1993).
The I-band magnitude of the brightest star in the RGB
is I = 27.12 ± 0.04. If we take the mean of the two
brightest stars we obtain I = 27.14± 0.04. These stars
can be considered to correspond to the TRGB.
We derived the TRGB distances to these two dwarf
galaxies and intracluster stars based on our photometry.
Since they are all in the same images, they are useful
for estimating the relative distances between them. We
adopted the mean I−band magnitude of the two bright-
est stars as the TRGB for Virgo UFD1, and measured the
TRGB magnitudes for Virgo dSph-D07, and intracluster
stars as done in Jang & Lee (2014). Derived values are
: ITRGB = 27.14 ± 0.04, 27.24 ± 0.04, and 26.96 ± 0.02
for Virgo UFD1, Virgo dSph-D07, and intracluster stars,
respectively. We derived the measurement error of the
TRGB magnitude from 1000 simulations of bootstrap
resampling. The values for Virgo dSph-D07 and in-
tracluster stars are consistent with those derived from
the same images in previous studies: F814WTRGB =
27.22 ± 0.15 (Durrell et al. 2007) and F814WTRGB ∼
27.0 (Williams et al. 2007b), respectively. The corre-
sponding distance moduli, based on the TRGB calibra-
tion in Rizzi et al. (2007), are (m−M)0 = 31.22± 0.04,
31.32 ± 0.04, and 31.01 ± 0.02 for Virgo UFD1, Virgo
dSph-D07, and intracluster stars, respectively. System-
atic errors for these estimates are estimated to be 0.12.
We also measured distance moduli to these stellar
systems based on the visual isochrone fitting on the
I − (V − I) CMD. Adopting 12 Gyr isochrones provided
by Dartmouth group (Dotter et al. 2008), we obtained
(m−M)0 = 31.08± 0.05, 31.19± 0.05, and 30.94± 0.04
for Virgo UFD1, Virgo dSph-D07, and intracluster stars,
respectively. These values are, on average, ∼0.1 mag
smaller than, but consistent with, those from the TRGB
method. Comparing the V − I color of the red giants
and the isochrones, we estimate the mean metallicity
to be very low, [Fe/H] = −2.4 ± 0.4. We adopt the
values from visual isochrone fitting as a distance mod-
ulus to these stellar systems. Visual isochrone fitting
determines the distance considering the stars along the
isochrone, whereas, the edge detection response function
in the TRGB method determined by a few stars near the
TRGB level might cause a larger uncertainty in the case
of Virgo UFD1.
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Fig. 4.— (a) Effective radius vs. absolute V total magnitude of the Virgo UFD1 (large starlet symbol) in comparison with those for other
stellar systems. (b) The V -band central surface brightness vss absolute V total magnitude of Virgo UFD1. Circles and lenticular symbols
for the giant ellipticals and bulges in spiral galaxies, downward triangles for the UCDs, pentagons for the Milky Way globular clusters,
squares and diamonds for the local group satellites and UFDs, and upward triangles for the dwarfs in M81 and M106 and the low surface
brightness galaxies in M101, and small starlet for Virgo dSph-D07.
These results show that the distance modulus of Virgo
dSph-D07 is 0.25± 0.06 (=1.88± 0.49 Mpc) larger than
that of intracluster stars. The distance modulus of Virgo
UFD1 is 0.11±0.07(=0.85±0.51Mpc) smaller than that
of Virgo dSph-D7, but 0.14 ± 0.06 (=1.02 ± 0.47 Mpc)
larger than the intracluster stars. These difference are at
the level of 2σ. These results show the following. First,
Virgo UFD1 is indeed a member of the Virgo cluster.
Second, Virgo UFD1 may be ∼1 Mpc behind the intra-
cluster stars, but ∼1 Mpc closer than Virgo dSph-D07.
3.4. Basic Parameters of Virgo UFD1
We derived integrated properties of this galaxy from
surface photometry. We masked out bright galaxies and
bright stars that appear to be non-members of the galaxy.
Then we derived the surface photometry of the galaxy
using the ELLIPSE task in IRAF. Figure 3 displays the
surface brightness and integrated magnitude profiles for
Virgo UFD1 as a function of mean radius (r =
√
ab). We
also plotted the radial density profile of detected stars,
which is roughly consistent with the surface brightness
profiles. The surface brightness profiles of Virgo UFD1
are almost flat in the inner region and decline steeply
in the outer region, which is very similar to those of
Virgo dSph-D07 (Durrell et al. 2007). We fit the sur-
face brightness profiles with the King model (King 1962)
and the Se´rsic law (Sersic 1968). From the V -band King
model fit, we derive the core radius, rc = 1.
′′5 ± 0.′′1
(120±8 pc), the tidal radius, rt = 3.′′0±0.′′3 (239±24 pc),
and the concentration parameter, c = 0.30± 0.05. From
the V -band Se´rsic law fit, we obtain the effective radius
reff = 1.
′′02 ± 0.′′09 (81 ± 7 pc), and the central surface
brightness, µV,0 = 26.37± 0.05, and n = 0.56± 0.06.
The integrated magnitude profile becomes constant at
r & 3′′. We derived an apparent total magnitude of
the galaxy, V = 24.66 ± 0.08 for the aperture radius
3.′′0. From this, we obtained an absolute magnitude,
MV = −6.5 ± 0.2, whose error includes the errors due
to photometry and distance measurement. We also esti-
TABLE 1
Basic Parameters of Virgo UFD1
Parameter Valuea
R.A.(2000) 12h28m06.s061
Dec(2000) 12◦33′47.′′61
Type UFD
Distance, (m −M)0 31.08 ± 0.05 (16.4 ± 0.4 Mpc)
Total magnitude, V T 24.66± 0.08
Total color, V T − IT 1.06± 0.10
Ellipticity, e = (a− b)/a 0.1± 0.1
Absolute magnitude, MV −6.5± 0.2
Position angle 130◦ ± 10◦
Core radius (rcore), V, I 1.′′5± 0.′′1, 1.′′5± 0.′′1
Tidal radius (rtidal), V, I 3.
′′0± 0.′′3, 3.′′1± 0.′′3
Sersic Index (n), V, I 0.56 ± 0.06, 0.52± 0.05
Effective radius (reff ), V, I 1.
′′02± 0.′′09, 1.′′01± 0.′′09
Central surface brightness 26.37 ± 0.05, 25.34± 0.04
a Derived in this study
mated total magnitude of the galaxy, integrating the lu-
minosity of the resolved red giants and unresolved stars
assuming luminosity function with a power-law index
α = 0.3, obtaining V ≈ 25.0. This value is similar to
the value derived from integrated photometry. Thus,
Virgo UFD1 is much smaller and fainter than the clas-
sical dSphs in the Local Group and smaller and fainter
than any known Virgo galaxies. Table 1 lists the basic
parameters of Virgo UFD1 derived in this study.
4. DISCUSSION AND CONCLUSION
4.1. Comparison with Other Dwarf Galaxies
In Figure 4 we compare the structural parameters
of Virgo UFD1 and those for other dwarf galaxies
in the nearby universe: Local Group dwarfs includ-
ing dSphs and UFDs (McConnachie 2012; Sand et al.
2012; Tollerud et al. 2013), dwarf galaxies in nearby
galaxies (M81 group (Chiboucas et al. 2013) and M106
(Kim et al. 2011)), low surface brightness galaxies
in M101 (Merritt et al. 2014), and Virgo dSph-D07
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(Durrell et al. 2007). We also plotted the globu-
lar clusters in the Milky Way galaxy (Harris 2010),
ultra-compact dwarf objects (UCDs) in nearby galax-
ies (Brodie et al. 2011; Norris & Kannappan 2011;
Penny et al. 2014), and elliptical galaxies (Bender et al.
1993) for reference.
The half-light radius and absolute magnitude of Virgo
UFD1 follow the relation for other UFDs in the Local
Group extending out to that for dSphs, but they are sep-
arated from those for globular clusters and UCDs. Virgo
UFD1 is larger, but fainter, than UCDs. It is as bright
as a globular cluster, but is significantly larger than the
latter. The central surface brightness and absolute mag-
nitude of this new galaxy are also similar to those of the
Local Group UFDs. It turns out that the properties of
Virgo UFD1 are similar to those of Local Group UFDs.
4.2. Fossils of the First Galaxies?
According to the current LCDM model, the minimum
mass of the dark matter subhalos that can form before
reionization is lower than 108−109M⊙. The first galaxies
formed from these subhalos formed most of their stars
before reionization (z > 6, > 12 Gyr ago). If these
stars survive in the local universe today, they can be ob-
served as fossils of the first galaxies (Bullock et al. 2001;
Ricotti & Gnedin 2005; Ricotti 2010; Bovill & Ricotti
2011a,b). Some UFDs in the Local Group are strong can-
didates for these fossils (Brown et al. 2013; Weisz et al.
2014).
It is not possible to derive a detailed star formation
history of Virgo UFD1, because our photometry does
not reach the main-sequence turnoff. However, even the
current photometry provides a useful clue for tracing the
early history of this galaxy. Virgo UFD1 shows only
metal-poor RGB stars and no AGB stars, while Virgo
dSph-D07 shows a small number of AGB star candidates
above the TRGB. This indicates that Virgo UFD1 is very
old (older than 10 Gyr). It may be as old as the six
Local Group UFDs that show only stars older than 12
Gyr (Brown et al. 2013).
It is located close to the Virgo center, far (more than
180 kpc) from any nearby massive galaxies. The pro-
jected distance between this new galaxy and M87 is
large, but smaller than the viral radius, RV ≃ 470
kpc (Doherty et al. 2009). We cannot tell the spatial
separation between this and other massive galaxies at
the moment, but it must be larger than the projected
distance. Bird et al. (2010) derived a TRGB distance
to M87 from the HST photometry of an inner field,
(m−M)0 = 31.12± 0.14 (16.7± 0.9 Mpc). This value is
similar, within errors, to that to Virgo UFD1. Therefore
we cannot tell whether Virgo UFD1 is located within the
virial radius of M87 or other massive galaxies.
We checked any hint of tidal interaction (tidal shred-
ding) from the morphology and structure of this new
galaxy in the images, finding no clear signature of tidal
interaction around this galaxy. Durrell et al. (2007) also
found that there is no hint of tidal feature around Virgo
dSph-D07. Durrell et al. (2007) discussed a possibil-
ity that dSph-D07 may be behind the Virgo center, at
a similar distance to M86 and that dSph-D07 may be
a member of the M86 group and may as if recently be
infalling to the Virgo Center recently. Considering its
old age (based on narrow RGB with no AGB stars), low
metallicity, and spatial location in the intracluster field,
Virgo UFD1 may be a fossil remnant of the first galaxies.
4.3. Missing Satellite Dwarfs
The number of dark satellite subhalos around massive
galaxies like the Milky Way Galaxy predicted from sim-
ulations based on the hierarchical formation scenario, in-
cluding cold dark matter, was of the order of magnitude
larger than the number of known satellite dwarf galaxies
around the Milky Way Galaxy and M31 (Klypin et al.
1999; Moore et al. 1999). It is called a massing satellite
dwarf problem. Since the introduction of this problem,
much progress has been made in both observations and
theories to solve this problem, but it is still a hot is-
sue (Kravtsov 2010; Belokurov 2013). From the observa-
tional point of view, UFDs are a strong candidate for un-
derstanding this problem. The number of known UFDs
in the Local Group is ∼ 20 (Belokurov 2013). This num-
ber is still increasing and will continue to do so with the
advent of new wide-field surveys (Belokurov et al. 2014;
Laevens et al. 2014).
The discovery of one UFD in Virgo indicates that
UFDs are not unique to the Local Group, but may be
common throughout in the universe. There may be thou-
sands of UFDs in Virgo, and hundreds of UFDs around
each massive galaxy. Some true fossils of the first galaxies
may be wandering in the intracluster field. Thus, Virgo
may provide another laboratory in which to investigate
the missing satellite problem. We need a deep survey
with high spatial resolution (like the HST ) to find more
UFDs in Virgo.
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